Abstract: Fog is a meteorological
Introduction
An increasing trend in fog frequencies over South Asia has been observed during the winter season for the last few decades, which has resulted in large disruptions in the daily lives of people across the region [1] . Winter fog creates huge economic losses comparable to other extreme weather events such as hurricanes, storms, and tornadoes [2] . For instance, fog leads to poor visibility which hinders all means of transportation on a massive scale [1] .
Light wind, clear sky, high moisture and stable atmospheric conditions are more suitable for fog formation [3, 4] . Soil moisture is also considered as an important factor in remote sensing for (December-February) [46] . The intensity of winter follows with January being the coldest month, followed by December and February [47] . One of the major environmental impacts observed over this region is the frequent occurrence of persistent winter fog, particularly during the months of December and January. Towards developing a comprehensive understanding and to study the impacts of persistent winter fog across the IGP, a multiyear and multi-country project was initiated by the International Centre for Integrated Mountain Development (ICIMOD) based in Kathmandu, Nepal. As a part of this initiative, this study had a special focus on Lahore city. It also included ground observations conducted for the 2014-2015 winter period within Lahore city ( Figure 1 ) along with satellite data analysis for the 2012-2015 winter periods.
Materials and Methods
Two types of datasets are used in this study, namely satellite and ground-based data. Satellite datasets of MODIS, OMI and CALIPSO were used for Aerosol optical depth, Aerosol Types over Land and Vertical Feature Mask (VFM) products, respectively.
The Moderate-resolution Imaging Spectro-radiometer [48] is in orbit on board Terra satellite since 2000 and Aqua satellite since 2002. In this study, we have used the Collection 6 (C6) product which features aerosol optical depth (AOD) and aerosol types over land derived from MODIS-Terraobserved spectral reflectance [49] . Moreover, the AOD MOD04 Level 2 collection 6 uses the Deep Blue algorithm with a spatial resolution of 10 km.
The Dutch-Finnish Ozone Monitoring Instrument (OMI) aboard the Aura satellite launched in July 2004, is a nadir viewing imaging spectrograph. Backscattered solar radiance spectra are measured simultaneously in the wavelength range from 270 nm to 500 nm. It takes almost one day for global coverage in nadir viewing with a 2600 km wide swath. Spatial resolution is about 13 × 24 km 2 . OMI measures with a spectral resolution of 0.45 nm in the ultraviolet (UV-2 channel) and 0.63 nm in the visible [50] wavelength ranges. For the current study, UV Aerosol Index was calculated across a 1° × 1° resolution.
Launched on 28 April 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite is a part of the "A-train" satellite constellation from NASA in a sunsynchronous orbit. Equipped with the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), this earth observing satellite provides unprecedented high-resolution vertical profiles of both aerosols and clouds [51] .
Ground data for Lahore included two types of datasets, namely, the AErosol RObotic NETwork (AERONET) and the High Volume air sampler data. The AERONET Level 2 (cloud screened and other quality flags) data was downloaded from AERONET website for the Lahore station. AERONET 500 nm was used, which was extrapolated to 550 nm using appropriate conversion formulas given by Equation (1): One of the major environmental impacts observed over this region is the frequent occurrence of persistent winter fog, particularly during the months of December and January. Towards developing a comprehensive understanding and to study the impacts of persistent winter fog across the IGP, a multi-year and multi-country project was initiated by the International Centre for Integrated Mountain Development (ICIMOD) based in Kathmandu, Nepal. As a part of this initiative, this study had a special focus on Lahore city. It also included ground observations conducted for the 2014-2015 winter period within Lahore city ( Figure 1 ) along with satellite data analysis for the 2012-2015 winter periods.
The Moderate-resolution Imaging Spectro-radiometer [48] is in orbit on board Terra satellite since 2000 and Aqua satellite since 2002. In this study, we have used the Collection 6 (C6) product which features aerosol optical depth (AOD) and aerosol types over land derived from MODIS-Terra-observed spectral reflectance [49] . Moreover, the AOD MOD04 Level 2 collection 6 uses the Deep Blue algorithm with a spatial resolution of 10 km.
The Dutch-Finnish Ozone Monitoring Instrument (OMI) aboard the Aura satellite launched in July 2004, is a nadir viewing imaging spectrograph. Backscattered solar radiance spectra are measured simultaneously in the wavelength range from 270 nm to 500 nm. It takes almost one day for global coverage in nadir viewing with a 2600 km wide swath. Spatial resolution is about 13ˆ24 km 2 . OMI measures with a spectral resolution of 0.45 nm in the ultraviolet (UV-2 channel) and 0.63 nm in the visible [50] wavelength ranges. For the current study, UV Aerosol Index was calculated across a 1˝ˆ1˝resolution.
Launched on 28 April 2006, the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) satellite is a part of the "A-train" satellite constellation from NASA in a sun-synchronous orbit. Equipped with the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), this earth observing satellite provides unprecedented high-resolution vertical profiles of both aerosols and clouds [51] .
Ground data for Lahore included two types of datasets, namely, the AErosol RObotic NETwork (AERONET) and the High Volume air sampler data. The AERONET Level 2 (cloud screened and other quality flags) data was downloaded from AERONET website for the Lahore station. AERONET 500 nm was used, which was extrapolated to 550 nm using appropriate conversion formulas given by Equation (1):
AOD aeronet 550 " AOD aeronet 500 p 550 500 q´α
where α is the Angstrom exponent for wavelength 500-870 nm used in this study [52] . While PM 10 samplers were installed at three different sites in Lahore city and data was collected on daily basis for winter 2014-2015 only. Figure 1 shows the location of ground observation sites. These sites include:
1. Lahore University of Management Sciences (LUMS), Lahore, Pakistan.
2.
University of Engineering and Technology (UET), Lahore campus, Pakistan. 3.
University of engineering and Technology (UET), Kala Shah Khaku campus, Pakistan.
Before final analysis, MODIS data was pre-processed by performing geo-referencing and extraction of data over the study area, as indicated in Figure 2 . 
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Results and Discussion
According to the (IPCC, [10] ) report, aerosols are recognized as an important factor affecting global climate change and play a key role in processes related to solar and thermal radiative transfer in the atmosphere,water cycle and precipitation processes. During winter seasons in Pakistan, fog becomes very dominant in the months of December, January and February (DJF) [1] . Monthly mean maps of the aerosol optical depth (AOD) retrieved from MODIS observations [53] during the DJF months of each winter (2012-2013, 2013-2014 and 2014-2015) over the study area are shown in Figure 3 . From MOD04 data, Aerosol Optical Depth (AOD) and Aerosol Type over Land (ATL) were extracted. MODIS pre-processing was done in ENVI 5 using the MODIS reconversion Tool Kit (MCTK) and average maps were created using IDL scripts. After this analysis, the datasets were georeferenced and mapped by using ArcMap 10.2. Statistical analysis was performed using Microsoft Excel version 2013. The same procedure was applied towards extracting and processing OMI's Absorbing Aerosol Index (AAI) products. Vertical features of the sky using CALIPSO's Level 2 Vertical Feature Mask (VFM) product was extracted using IDL script.
According to the (IPCC, [10] ) report, aerosols are recognized as an important factor affecting global climate change and play a key role in processes related to solar and thermal radiative transfer in the atmosphere, water cycle and precipitation processes. During winter seasons in Pakistan, fog becomes very dominant in the months of December, January and February (DJF) [1] . Monthly mean maps of the aerosol optical depth (AOD) retrieved from MODIS observations [53] Enhanced AOD over the River Indus basin can be clearly identified, as stated by previous studies [34, 54] . Its aerosol loading reached a maximum during December, followed by January and February. Continual increasing behaviour in AOD is observed over Pakistan. Especially, the winter of 2014-2015 exhibited anomalous enhanced levels of AOD over Pakistan. Supporting these findings, further, Figure 4 represents results of the average AOD for each winter period selected for the current study (2012-2013, 2013-2014 and 2014-2015) . A similar temporal increase in AOD is observed over Pakistan. The overall analysis shows that, as winters are on peak in the months of December and January, this provides favourable conditions for fog formation, as the temperature is low and relative humidity is high. So, the fog intensity and frequency is high over regions along the Indus basin and the major cause is high loads of air pollutants. This area hosts most of the population, industry, dense road networks and vehicular fleet of Pakistan. AOD levels during February exhibit lowered values compared to the December-January months. The overall mean map of February also shows a lower AOD compared to December and January. As stated earlier, the key reason for decreased intensity in February is unfavourable conditions for the fog formation, including lower air pollution levels and comparatively higher air temperature. Enhanced AOD over the River Indus basin can be clearly identified, as stated by previous studies [34, 54] . Its aerosol loading reached a maximum during December, followed by January and February. Continual increasing behaviour in AOD is observed over Pakistan. Especially, the winter of 2014-2015 exhibited anomalous enhanced levels of AOD over Pakistan. Supporting these findings, further, Figure 4 represents results of the average AOD for each winter period selected for the current study (2012-2013, 2013-2014 and 2014-2015) . A similar temporal increase in AOD is observed over Pakistan. The overall analysis shows that, as winters are on peak in the months of December and January, this provides favourable conditions for fog formation, as the temperature is low and relative humidity is high. So, the fog intensity and frequency is high over regions along the Indus basin and the major cause is high loads of air pollutants. This area hosts most of the population, industry, dense road networks and vehicular fleet of Pakistan. AOD levels during February exhibit lowered values compared to the December-January months. The overall mean map of February also shows a lower AOD compared to December and January. As stated earlier, the key reason for decreased intensity in February is unfavourable conditions for the fog formation, including lower air pollution levels and comparatively higher air temperature. In order to investigate the types of aerosols present over the study area, the MODIS product named MOD04 Level 2 Collection 6 with subset Aerosol Type over land (ATL) was used. MODIS aerosol types were categorized into four types, which include: Continental, Weak, Moderate Absorption Fine and Strong Absorption Fine. According to this classification, the most dominant aerosol types over Pakistan are Strong and Moderate Absorption Fine, as shown in Figure 4 (lower panel-average ATL for each winter period).
To further investigate the types of aerosols, the OMI UV aerosol Index (OMI-UVAI) was also used. It is a residual quantity resulting from the comparison between measured and calculated radiances in the range 330-390 nm, where gas absorption effects are negligible [55] . It is particularly sensitive (even when the aerosols are over clouds) to carbonaceous and mineral aerosols and represents the presence of absorbing aerosols (smoke and dust [56] ). For clear sky/Rayleigh scattering conditions, UVAI values are near zero, positive values for absorbing aerosols (smoke, dust), and negative values for non-absorbing aerosols (sea salt, sulfate/nitrates etc.). UVAI calculated for winter months and averaged over all winter periods (2012-2015) is presented in Figure 5b . Results indicate positive UVAI over Pakistan, thus representing the presence of absorbing aerosols. The results are further confirmed by the MODIS ATL product (Figure 5c ) averaged over Pakistan during the same time period. It illustrates the presence of both strong (yellow) and moderate (cyan) absorption fine type of aerosols over Pakistan. Aerosol types are also extracted by using OMI-UVAI in combination with CO total columns, as CO is taken as a good precursor for biomass burning activities [57, 58] . The aerosol categories here include Smoke (for UVAI > 0.8 and CO columns = 2.2 × 10 18 molecules/cm 2 ), In order to investigate the types of aerosols present over the study area, the MODIS product named MOD04 Level 2 Collection 6 with subset Aerosol Type over land (ATL) was used. MODIS aerosol types were categorized into four types, which include: Continental, Weak, Moderate Absorption Fine and Strong Absorption Fine. According to this classification, the most dominant aerosol types over Pakistan are Strong and Moderate Absorption Fine, as shown in Figure 4 (lower panel-average ATL for each winter period).
To further investigate the types of aerosols, the OMI UV aerosol Index (OMI-UVAI) was also used. It is a residual quantity resulting from the comparison between measured and calculated radiances in the range 330-390 nm, where gas absorption effects are negligible [55] . It is particularly sensitive (even when the aerosols are over clouds) to carbonaceous and mineral aerosols and represents the presence of absorbing aerosols (smoke and dust [56] ). For clear sky/Rayleigh scattering conditions, UVAI values are near zero, positive values for absorbing aerosols (smoke, dust), and negative values for non-absorbing aerosols (sea salt, sulfate/nitrates etc.). UVAI calculated for winter months and averaged over all winter periods (2012-2015) is presented in Figure 5b . Results indicate positive UVAI over Pakistan, thus representing the presence of absorbing aerosols. The results are further confirmed by the MODIS ATL product (Figure 5c ) averaged over Pakistan during the same time period. It illustrates the presence of both strong (yellow) and moderate (cyan) absorption fine type of aerosols over Pakistan. Aerosol types are also extracted by using OMI-UVAI in combination with CO total columns, as CO is taken as a good precursor for biomass burning activities [57, 58] . The aerosol categories here include Smoke (for UVAI > 0.8 and CO columns = 2.2ˆ10 18 molecules/cm 2 ), Dust (UVAI > 0.8 for arid and semiarid surface types) and Sulphate (UVAI < 0.8). We find a dominant section of smoke types, as shown in Figure 5d . Additionally, active fire counts were also plotted on both maps that indicated a strong coincidence with smoke types of aerosols. In order to identify the sources of these absorbing aerosols in the study region, these findings are further discussed in details in the next section.
Atmosphere 2016, 7, 67 7 of 18 Dust (UVAI > 0.8 for arid and semiarid surface types) and Sulphate (UVAI < 0.8). We find a dominant section of smoke types, as shown in Figure 5d . Additionally, active fire counts were also plotted on both maps that indicated a strong coincidence with smoke types of aerosols. In order to identify the sources of these absorbing aerosols in the study region, these findings are further discussed in details in the next section. 
Major Sources of Aerosols
Major sources of aerosols in Pakistan are seasonal biomass-burning smoke and dust storms in addition to industrial and vehicular activities [34, 54, 59] . Winds are the carrier of these pollutants as cold winds (western disturbances [60] ) that arrive from west Asia, northwest India and then change direction to the eastern part, are considered as a major sources of aerosol movement and spread over Bangladesh and the Ganges-Brahmaputra delta [61] [62] [63] . Previous studies show that the major causes of fog during the winter season are secondary aerosols and biomass burning, including agriculture fires [64, 65] . The IGP region is the most fertile region of the subcontinent and agriculture activities are spread over about 400 million hectares of land. In Pakistan, the agriculture sector contributes about 21 percent to GDP and provides livelihood for 60 percent of the population. Most of the agriculture depends on a huge amount of water coming from Hindukush-Karakorum-Himalaya (HKH) glaciers through the river-canal system, ground water pumped through deep wells and heavy precipitation, especially during the monsoon season. Groundwater use is about 35 percent for agriculture and 42 percent of the area in the Indus basin has a ground water table less than 3 m deep [66] . Therefore, soil moisture content is largely available for extensive agriculture practices. According to [67] , winds coming from India provide favourable conditions for dense fog formation over the IGP, with low temperature and high relative humidity conditions which also enhance aerosol radiative forcing.
Farmers in Pakistan light their fields to make them ready for the next crop, as post-harvest fires are an easy and cost-effective way to get rid of crop residue, weeds, and pests and to get nutrients for the next crop. Large numbers of agriculture fires are observed across the Indus plains during crop harvesting seasons. Mainly, fires are intense during the months of April-May for clearing wheat residue and during October-November for rice paddies [54, 59] , followed by January-February months for the sugarcane crop. Agricultural fires emit aerosol particles, greenhouse gases, and various trace gases into the atmosphere [68] . Active fire data plotted as red circles in Figure 5c ,d over the study area are taken from MODIS active fire data (MCD14DL) downloaded from the website [69] . It can be seen that regions with extensive vegetation fires are spread along the Indus plains in Pakistan consistent with enhanced levels of AOD (Figure 5a ). The agriculture plains of the Sindh and Punjab provinces along the River Indus have the largest fire density. Similar patterns are observed in AOD and aerosol types retrieved from both MODIS (Figure 5c -aerosol type over land) and OMI (Figure 5d-smoke) . The analysis presented in Figure 5 revealed that absorbing aerosols are predominant and originated from fire activities (both agriculture and biomass burning) in addition to vehicular and industrial emissions. Especially, during the winter season use of biofuel (char wood, dung cake, and coal) is increased for space heating and cooking due to power and natural gas outages in Pakistan. It results in enhanced emission of aerosols, smoke, black carbon and other gases such as NO 2 , SO 2 and CO [13, 68, 70] . Recently, several studies used satellite monitoring of various trace gases such as SO 2 , NO 2 and CO in order to identify the source region of aerosols, as these originate from the same sources as these tiny particles [71] [72] [73] [74] . In order to investigate such a relationship between AOD and aerosol precursor gases, the Indus plains were divided into two different regions: Upper Indus Plains (UIP-light green polygons in Figure 5c [12] , SO 2 [75] and formaldehyde [59] , mainly caused by vehicular, industrial and biomass burning activities. In contrast, the southern plains host few industries, less population but extensive agriculture activities and fires activities ( Figure 5 ). Correlation between AOD and aerosol precursor gases over both regions is presented in Table 1 during the winter periods of 2012-2015. It can be clearly identified that AOD in the UIP region is contributed to by NO 2 and SO 2 emission sources (precursor of nitrates and sulfate aerosols) while the LIP region is dominated by CO emissions-a good tracer of fire activities and for the presence of both organic and elemental carbon. Our findings about major aerosol sources are in agreement with source apportionment of the particulate matter presented in previous studies [37] [38] [39] [40] [41] . High aerosol levels are influencing climate and the hydrological cycle due to dimming and atmospheric warming [76, 77] . During winter, 50-70 WM´2 of atmospheric heating is observed because of a high level of black carbon [64] . Many recent studies confirm that the accelerated snow melt in the Himalayas is due to deposition of BC over snow sheets and has caused a reduction in surface albedo during the pre-monsoon [78] [79] [80] . Therefore, abatement of agriculture fires and open solid waste burning can result in a substantial decrease in dense fog formation in the study region. Similarly, the outcome of this study can be effectively used to raise awareness to stop the usage of dirty fuel (old rubber tires, solid waste, low standard furnace oil etc.) in factories and brick kilns in Pakistan. These sources trigger the aerosol load which results in the frequent occurrence of dense fog/smog and consequently results in casualties (road accidents) and economic losses in Pakistan, besides increasing health impacts. 
Persistent Winter Fog over Lahore City
Lahore is the second largest metropolitan city of Pakistan and is the 16th most populated city in the world. As shown earlier in the overall view of Pakistan, this study exhibited a temporal increase in AOD across Pakistan, including Lahore city. A higher value of AOD was observed in December than that in February in Lahore city, as February is warmer than December (see Table 2 ). However, the overall increase in AOD is observed over Lahore city. In January 2014, a declining tendency is observed for AOD for Lahore city. The discrepancy was apparently caused as the study region experienced warmer temperatures in January 2014 (temp. anomaly =´0.07˝C) as compared to January months during the year 2013 (temp. anomaly =´0.9˝C) and 2015 (temp. anomaly =´0.49˝C). Temperature anomaly was calculated by using CAMS monthly gridded surface air temperature [81] with respect to the base years of 1970-2000. As warmer temperature leads to unstable atmospheric conditions, rapid movement of air masses might have dispersed the aerosols over larger areas. Consequently, it resulted in less accumulation of aerosols over the study region. On the other hand, warmer temperature also results in a relatively smaller number of fog incidents and, thus, reduced aerosol emissions caused by space heating and other activities. This can be clearly seen from Figure 6b , which depicts a significantly smaller number of overall fog incidents during the month of January 2014 as compared to January 2013 and 2015. Figure 6a displays the temporal evolution of daily mean AOD over Lahore city for the past 3 winters and exhibited a relative increase of 61% with respect to the winter of 2012-2013. An increase in anthropogenic aerosol over South Asia is also evident from previous studies [82] [83] [84] [85] . Various studies reported the increase in aerosol load [34] and precursor gases [12, 75] over Lahore city. Figure 6b shows the trend in fog incidents/days observed in Lahore city during all winters. Fog was categorized into three different types on the basis of visibility (i) dense fog-when visibility is less than 200 m; (ii) moderate fog-when visibility is less than 500 m; and (iii) shallow fog-when visibility is less than 1000 m [86] . Visibility data was acquired from the following online source [87] and it uses data from the national weather service of the respective country. Fog incidents were also verified with MODIS true colour RGBs and daily news bulletins in both electronic and print media. A continual increase in dense fog incidents was observed for all winter periods. A maximum number of dense fog incidents were observed during the winter of 2014-2015 followed by 2013-2014 and 2012-2013 . It is worth mentioning that February 2015 experienced anomalous incidents of moderate and dense fogs. It shows that the span of winter fog was extended during the winter season of 2014-2015. AERONET data was used to validate MODIS satellite-based observations, as shown in Figure 6 (c). It exhibited an overall good agreement between daily satellite and ground-based AOD observation for all winters over Lahore city.
This comparison only includes the dates on which both MODIS and AERONET data were available and AERONET data was extrapolated to 550 nm wavelength [52] . A significant correlation of 86% is observed in Figure 6d available and AERONET data was extrapolated to 550 nm wavelength [52] . A significant correlation of 86% is observed in Figure 6d 
Case Study-Winter 2014-2015
This study also had a special focus on the 2014-2015 winter in terms of field data collection for winter months in Lahore-one of the most polluted city in Pakistan [11, 41] . High volume samplers were installed for continuous monitoring of PM10 concentrations at three different locations within Lahore city. Figure 7 displays the measured PM10 concentration in Lahore city at three different sites: University of Engineering and Technology (UET), Kala Shah Khaku (KSK) campus, University of Engineering and Technology (UET), Lahore campus and Lahore University of Management Science (LUMS), Lahore, Pakistan. PM10 concentration was measured for 24 h duration by using High Volume PM10 samplers (Wedding and Associates Inc., Fort Collins, CO, USA) during the time period of January 2015-February 2015. Quartz filters (QMA by Whatman International Ltd., Maidstone, England), because of their high collection efficiency as well as their ability to withstand high temperatures, were used to collect the samples on a daily basis. Filters were pre-processed at 120 °C and weighed before and after the filter was removed from the sampler. The red line in the graph represents the National Environmental Quality Standards (NEQS) of 150 µ g/m 3 for 24 hours average concentrations of PM10 defined by the Pakistan Environmental Protection Agency (Pak-EPA, [88] ).It is observed that PM10 levels at all monitoring sites exceeded the Pak-NEQs level on most of the occasions. Data gaps were caused by both the frequent power outages in Pakistan and malfunctioning of the instruments. Especially, the number of samples collected at both campuses of UET are less 
This study also had a special focus on the 2014-2015 winter in terms of field data collection for winter months in Lahore-one of the most polluted city in Pakistan [11, 41] . High volume samplers were installed for continuous monitoring of PM 10 concentrations at three different locations within Lahore city. Figure 7 displays the measured PM 10 concentration in Lahore city at three different sites: University of Engineering and Technology (UET), Kala Shah Khaku (KSK) campus, University of Engineering and Technology (UET), Lahore campus and Lahore University of Management Science (LUMS), Lahore, Pakistan. PM 10 concentration was measured for 24 h duration by using High Volume PM 10 samplers (Wedding and Associates Inc., Fort Collins, CO, USA) during the time period of January 2015-February 2015. Quartz filters (QMA by Whatman International Ltd., Maidstone, England), because of their high collection efficiency as well as their ability to withstand high temperatures, were used to collect the samples on a daily basis. Filters were pre-processed at 120˝C and weighed before and after the filter was removed from the sampler. The red line in the graph represents the National Environmental Quality Standards (NEQS) of 150 µg/m 3 for 24 hours average concentrations of PM 10 defined by the Pakistan Environmental Protection Agency (Pak-EPA, [88] ).It is observed that PM 10 levels at all monitoring sites exceeded the Pak-NEQs level on most of the occasions. Data gaps were caused by both the frequent power outages in Pakistan and malfunctioning of the instruments. Especially, the number of samples collected at both campuses of UET are less because these sites did not have a power backup system like the one available at the LUMS site. Correlation between mass concentrations of PM 10 and MODIS-retrieved AOD is presented in Figure 7d . Limited data was available as all monitoring sites in Lahore city were not having the filter samples on a daily basis because of aforementioned constraints. So, the correlation was calculated for mean PM 10 mass concentration from all sites. Additionally, MODIS AOD was also not available on certain days because of cloud cover. The observed correlation of r = 0.67 is quite good and is in agreement with the range stated in previous studies [89] [90] [91] [92] for similar kinds of comparison. Furthermore, the correlation depends on various factors such as seasonal variation, meteorological parameters, spatial resolution of the satellite pixel (10 km in this case) and aloft aerosol layer [89] [90] [91] [92] .
Atmosphere 2016, 7, 67 11 of 18 because these sites did not have a power backup system like the one available at the LUMS site. Correlation between mass concentrations of PM10 and MODIS-retrieved AOD is presented in Figure 7d . Limited data was available as all monitoring sites in Lahore city were not having the filter samples on a daily basis because of aforementioned constraints. So, the correlation was calculated for mean PM10 mass concentration from all sites. Additionally, MODIS AOD was also not available on certain days because of cloud cover. The observed correlation of r = 0.67 is quite good and is in agreement with the range stated in previous studies [89] [90] [91] [92] for similar kinds of comparison. Furthermore, the correlation depends on various factors such as seasonal variation, meteorological parameters, spatial resolution of the satellite pixel (10 km in this case) and aloft aerosol layer [89] [90] [91] [92] . 
HYSPLIT Back Trajectory Analysis
Wind direction and wind speed can have a strong influence on observations of local emission sources. For such observations, the study of back trajectories of the observed air masses might be interesting. Some instructive case studies were found during this study, where high aerosol loads were observed and back trajectory analyses were performed. Figure 8 presents the true colour images (RGB) for fog and clouds, MODIS AOD and air masses movements explored by back trajectories analysis on respective days. In RGB, white colour represents clouds and snow along with the greyish tone for fog distribution over the selected scenes. High AOD levels were also observed over the regions classified as fog on both days of 13 December 2013, and 23 January 2015. To study the reason for these high AOD loadings, the Hybrid Single Particle Lagrangian Integrated Trajectory Model-4 [93] [94] [95] was used. The model was run for reanalysis of back trajectories for 96 h, at 50, 200 and 500 m above ground level by selecting a location in Lahore city (black star in all maps). It was found that air masses calculated at three different heights were coming from India. Air masses propagated over the densely populated and industrial regions of Uttarakhand, western parts of Uttar Pradesh, Haryana, New Delhi and the Punjab before entering Pakistan. Almost similar transport patterns were observed for both days, which indicates transboundary air pollution as an important factor contributing to high aerosol loading observed over the city of Lahore, Pakistan [39, 40] .
Atmosphere 2016, 7, 67 12 of 18
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Conclusions
Our findings show that during the 2012-2015 winter periods in Pakistan, December and January months experience more fog incidents and relatively higher AOD. As the winter season goes on, the intensity of foggy weather decreases with the aerosol load decreasing as well, which is supported by the observations. The lowest mean AOD was found during December 2012 and highest AOD in December 2014 with an overall increasing behaviour in AOD observed over Pakistan. The continual increase in the frequency of dense fog occurrences is also observed. Anomalous incidents of dense and moderated fogs were identified during February 2015. It shows that the span of winter fog was extended during the winter season of 2014-2015. The dominant type of aerosol is medium and strong absorption fine retrieved from the MODIS ATL product, which was further confirmed by OMI UVAI data (categorized as smoke and dust). MODIS AOD, compared well with the AERONET AOD in Lahore city and exhibited a significant correlation of r = 0.86. Active fire locations from MODIS were strongly co-located with aerosol types of smoke. It revealed that agriculture fires and biomass burning are predominant sources of aerosols and its precursor gases in the Indus delta, in addition to increased used of biofuel and industrial activities. Reanalysis Back trajectories have shown that 
Our findings show that during the 2012-2015 winter periods in Pakistan, December and January months experience more fog incidents and relatively higher AOD. As the winter season goes on, the intensity of foggy weather decreases with the aerosol load decreasing as well, which is supported by the observations. The lowest mean AOD was found during December 2012 and highest AOD in December 2014 with an overall increasing behaviour in AOD observed over Pakistan. The continual increase in the frequency of dense fog occurrences is also observed. Anomalous incidents of dense and moderated fogs were identified during February 2015. It shows that the span of winter fog was extended during the winter season of 2014-2015. The dominant type of aerosol is medium and strong absorption fine retrieved from the MODIS ATL product, which was further confirmed by OMI UVAI data (categorized as smoke and dust). MODIS AOD, compared well with the AERONET AOD in Lahore city and exhibited a significant correlation of r = 0.86. Active fire locations from MODIS were strongly co-located with aerosol types of smoke. It revealed that agriculture fires and biomass burning are predominant sources of aerosols and its precursor gases in the Indus delta, in addition to increased used of biofuel and industrial activities. Reanalysis Back trajectories have shown that increasing AOD over Pakistan, is also caused by transboundary pollution on selected days. It was further supported by the CALIPSO overpasses over the Pakistan region and indicated the presence of low-lying aerosol layers, in addition to clouds. Mass concentrations of PM 10 measured at all sampling sites within Lahore city were found to be higher than Pakistan's NEQS Level for PM 10 on most occasions.
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